We investigate the scenario that one flat direction creates baryon asymmetry of the unverse, while Q balls from another direction can be the dark matter in the gauge-mediated supersymmetry breaking for high-scale inflation. Isocurvature fluctuations are suppressed by the fact that the Affleck-Dine field stays at around the Planck scale during inflation. We find that the dark matter Q balls can be detected in IceCube-like experiments in the future.
I. INTRODUCTION
The Affleck-Dine baryogenesis [1] is one of the promising mechanisms for creating the baryon asymmetry of the universe. It utilizes the scalar field which carries the baryon number. In the minimal supersymmetric standard model (MSSM), there are a lot of such scalar fields called flat directions which consist of squarks (and sleptons). The scalar potential of the flat directions vanishes in the supersymmetry (SUSY) limit, and is lifted by SUSY breaking effects and higher order operators.
It is well known that the Q balls form during the course of the Affleck-Dine baryogenesis [2] [3] [4] . In particular, Q balls with large enough charge Q are stable against the decay into baryons (nucleons) in the gauge-mediated SUSY breaking.
1 In this case, Q balls would be dark matter of the universe, and could be detectable. The baryon asymmetry of the universe is explained by the baryon numbers that are not remained inside the Q balls. It has been considered that the single flat direction transforms into dark matter Q balls, and the baryon numbers are emitted through the Q-ball surface in the thermal bath of the universe [2, 9, 10] . Unfortunately, this simple scenario is observationally excluded [11] .
However it is natural to consider more than one direction which take part in the Affleck-Dine mechanism. There are at most 29 complex degrees of freedom for D-flat and renormalizable F -flat directions which do not involve Higgs field [12] . Most of the directions are lifted by n = 4 nonrenormalizable superpotential of the form W = φ n , which applies to the even n case, where φ is the field of a flat direction. For the odd n case, the potential is lifted by W = H i φ n−1 superpotential, where H i is the Higgs field H u or H d . In Ref. [11] , we considered n = 5 and n = 6 directions, where the former direction has responsible for the baryon asymmetry of the universe while the latter forms dark matter Q balls.
Recently, the BICEP2 team reported the detection of the primordial B-mode polarization of the cosmic microwave background [13] . It could be originated from gravitational waves produced during inflation, which leads to the large tensor-to-scalar ratio r 0.2 and the large Hubble parameter during inflation H inf 10 14 GeV. In such high-scale inflation, in general, large baryonic isocurvature fluctuations will be induced in the Affleck-Dine mechanism [14] [15] [16] [17] . In order to suppress isocurvature fluctuations sufficiently, the amplitude of the flat direction must be as large as the Planck scale, M P = 2.4 × 10 18 GeV, for H inf 10 14 GeV, which can be achieved if the coupling in the nonrenormalizable superpotential is small enough [18] .
In the present Letter, we investigate the possibility that one flat direction creates baryon asymmetry of the unverse, while Q balls from another direction can be the dark matter in the gauge-mediated SUSY breaking for high-scale inflation.
2 It is realized for two n = 4 directions with different sizes of the couplings. The direction with larger coupling disintegrates into the gauge-mediation type Q balls, which decay into baryons before the big bang nucleosynthesis (BBN). The direction with smaller coupling transforms into the new type Q balls, which are stable against the decay into baryons and become the dark matter of the universe.
3 These dark matter Q balls could be detected by the IceCube-like experiment in the future.
The structure of the Letter is as follows. In the next section, we review how the Affeck-Dine mechanism works in the SUSY setup. Isocurvature fluctuations are considered in Sec.III. In Sec.IV, we show the properties of the Q balls in the gauge mediation. We estimate the baryon number and the dark matter of the universe in Sec.V, and seek for successful scenarios to explain both the baryon asymmetry and the dark matter Q balls in Sec.VI. Sec.VII is devoted to our conclusions.
II. AFFLECK-DINE MECHANISM
The flat direction is a scalar field Φ which consists of squarks (and sleptons) in MSSM. The potential of the flat directions is flat in SUSY limit, and lifted by SUSY breaking effects and nonrenormalizable superpotential of the form
where λ is a coupling constant which will be determined later. In the gauge-mediated SUSY breaking, the potential is lifted as
where [2, 3, 19 ]
Here, Φ = 1
is a soft breaking mass, M m is the messenger scale, m 3/2 is the gravitino mass, K(< 0) is a coefficient of one-loop corrections, and M * is the renormalization scale. M F ranges as
Since the gravitino mass is much smaller than TeV scale, the potential is dominated by V gauge for φ < φ eq , while V grav overcomes V gauge for φ < φ eq , where
derived from V gauge (φ eq ) = V grav (φ eq ).
In the Affleck-Dine mechanism, the flat direction has large VEV during inflation. This is usually realized by the so-called negative Hubble-induced mass term [1] 
which stems from the SUSY breaking effect by the finite inflaton energy density. Here H is the Hubble parameter, and c is a constant of O(1). During inflation the flat direction stays at the minimum determined by the balance of V H and V NR :
Well after inflation when the Hubble parameter decreases as large as m φ,eff V (φ osc ), the field begins oscillations. The field actually rotates due to the usual soft A terms, and the baryon number of the universe is created. If the field starts to oscillate at the amplitude smaller than φ eq , the potential is dominated by V gauge so that the gauge-mediation type Q balls eventually form. On the other hand, the new-type Q balls are created for φ osc > φ eq where V grav is larger than V gauge . It is determined by the size of λ whether the field starts its oscillation smaller or larger than φ eq . The gauge-mediation type Q balls form for the flat direction with larger λ, while the new-type Q balls are created for that with smaller λ. See Fig.1 . We will consider the situation that the gauge-mediation type Q balls decay to produce the baryon asymmetry of the universe, while the new type Q balls are stable and become the dark matter of the universe.
Potential of the flat direction. One direction is lifted by the nonrenormalizable term VNR with λG (orange), while another direction is lifted by that with λN (brown).
III. AVOINDING TOO LARGE ISOCURVATURE FLUCTUATIONS
During high-scale inflation the flat direction acquires quantum fluctuations along the phase direction if there is no sizable A terms, and it may lead to too large baryonic and CDM isocurvature fluctuations in this case. Actually, the Hubble-induced A terms do not appear for most inflation models in supergravity [17] . The amplitude of the baryonic isocuvature fluctuations can be estimated as
On the other hand, observational upper bound is calculated as
where β iso = 0.039 and ln(10 10 A s ) = 3.098 are respectively the primordial isocurvature fraction and the amplitude of the curvature power spectrum obtained in the Planck results [20] . It should be S b < S (obs) b
, which results in
Thus the field should stay at around M P during inflation in order to have small enough isocurvature fluctuations. This can be achieved for small enough λ:
Here and hereafter, =
means that we evaluate values for n = 4. Moreover, if the amplitude of the flat direction is as large as M P during inflation, the terms such as
would come from a nonminimal Kähler potential of the form K = I † IΦ m /M m P (the F term of the I field is responsible for inflation) and results in the mass scale of O(H) for the phase direction [18] , which further suppresses the isocurvature fluctuations. Therefore, we adopt λ < ∼ 10 −4 , and investigate the scenario that the gauge-mediation type Q balls from one flat direction decay into baryons, while another direction forms new-type Q balls to be dark matter of the universe in this situation.
IV. Q BALLS IN THE GAUGE MEDIATION
The Q-ball solution exists in those potential that is flatter than φ 2 , which is the case for SUSY. In the gaugemediated SUSY breaking there exist two types of the Q ball. One is the gauge-mediation type [2, 9] , and the other is the new type [25] .
The former forms when the potential is dominated by V gauge when the field starts oscillations and fragments into lumps. The charge of the formed Q ball is estimated as [9] 
where φ osc is the amplitude of the field at the onset of the oscillation (rotation). β G 6 × 10 −4 for a circular orbit (ε = 1), while β G 6 × 10 −5 for an oblate case (ε < ∼ 0.1). Here ε is the ellipticity of the field orbit. The features of this type are represented as
where M Q and R Q are the mass and the size of the Q ball, respectively, and ω Q and φ Q are respectively the rotation speed and the amplitude of the field inside the Q ball, and ζ is the O(1) parameter [21, 22] . On the other hand, the new type of the Q ball forms when the potential is dominated by V grav at the onset of the oscillation. The charge of the new-type Q ball is given by [25, 26] 
where β N 0.02 [23] . The properties of the new type Q ball are as follows:
The charge Q is in fact the Φ-number, and relates to the baryon number of the Q ball as
where b is the baryon number of Φ-particle. For example, b = 1/3 for the udd direction.
The Q ball is stable against the decay into nucleons for large field amplitude when the charge is very large. Since ω Q corresponds to the effective mass of the field inside the Q ball, the stability condition is given by ω Q < m D , where m D is the mass of the decay particles. The new type Q ball is generally stable against the decay into nucleons, except for the gravitino mass larger than that of nucleons. On the other hand, the gauge-mediation type Q ball is stable for Q G > Q D , where
with m N being the nucleon mass. Since we need unstable Q ball to produce the baryon number of the universe, we consider the gauge-mediation type Q ball with the charge smaller than Q D . The unstable gauge-mediation type Q ball decays into baryons through its surface [24] . 5 The decay rate is reestimated in Refs. [6, 21] as
where N q is the number of the decay quarks. Then the temperature at the decay is obtained as
where N D is the relativistic degrees of freedom at the decay time. Since the decay must take place before the BBN, the charge of the gauge-mediation type Q ball has the upper limit.
V. BARYON ASYMMETRY AND THE Q BALL DARK MATTER
We consider two n = 4 flat directions with different values of λ. The direction with smaller λ forms the new type Q balls to be the dark matter of the universe, while that with larger λ becomes the unstable gauge-type Q balls to produce baryon asymmetry in the universe. The fields starts their oscillations when the Hubble-induced mass term V H becomes smaller than V SUSY . The amplitudes at the onset of oscillations are thus calculated as
φ N,osc = √ 2λ
for the gauge-mediation type and the new type, respectively. Therefore, the charges of both types of the Q balls are obtained as
Since all the charges (the baryon numbers) are released by the decay of the gauge-mediation type Q balls, the baryon number is given by
where T RH is the reheating temperature after inflation. In this n = 4 case, T RH is independent of M F and solely determined by λ G as
At the same time, the dark matter is composed by stable new-tpye Q balls. Their abundance is estimated as
which is rewritten as
We must have
in order to have right amount of the dark matter. For explaining both the baryon asymmetry and the dark matter of the universe, we have
where we insert Eqs. (34) and (37) with n = 4 into Eq.(36). We call this the B-DM relation in the following.
VI. CONSTRAINTS ON MODEL PARAMETERS AND DETECTION OF DARK MATTER Q BALLS
Let us now investigate how the B-DM relation (38) is satisfied. We consider two flat directions with different values of λ. Since isocurvature fluctuations should be suppressed, it is necessary to have λ N < λ G < ∼ 10 −4 . There are several conditions to be hold for successful scenario. (a) The flat direction with λ G disintegrates into the gauge-mediation type Q balls, so that φ G,osc < φ eq , while (b) the new type Q balls forms from the direction with λ N for φ N,osc > φ eq . From Eqs. (7) and (29), the condition (a) results in
while the condition (b) leads to
The gauge-mediation type Q ball should be (c) unstable and (d) decays before the BBN. The former condition is expressed, from Eqs. (15) and (18), as
with β G = 6 × 10 −4 and ζ = 2.5 being used. The latter condition comes from T D > 1 MeV, which leads to
for n = 4, from Eqs. (28) and (15) . Since Eqs. (41) and (42) have different dependences on λ G , the latter gives more stringent constraint for λ G < 1.13 × 10
In addition, (e) the new type Q ball must be stable to be the dark matter of the universe. From Eq.(23), ω Q < m D = bm N is nothing but the upper bound on the gravitino mass:
There is, of course, the condition (6), but it is not restrictive, as can be seen below.
In Fig. 2, we display Now we estimate how large the new type Q ball will be for our successful scenario. The charge of the new type Q ball is calculated as
from Eqs.(32) and (38). We plot the expected region of the charge of the dark matter Q ball for 10
in Fig. 3 . We display the observationally excluded region by Baksan in green lines (lower-left region is excluded) [25, 27] . The recent IceCube experiment reported the limits on subrelativistic magnetic monopoles [28] , which can be applied to the Q-ball search. Since we do not know the detection efficiency η, we show the constraints for η = 1 (0.1) in solid (dashed) orange lines. We can see that the observation has just stepped into the theoretically expected region, and we can imagine that the dark matter Q balls could be detected directly in the future, which will be a smoking gun for the Affleck-Dine mechanism. 
VII. CONCLUSION
We have investigated the variant of the Affleck-Dine mechanism in high-scale inflation. The scenario is that one flat direction is responsible for the baryon asymmetry of the universe, while another explains the dark matter in the gauge-mediated SUSY breaking in high-scale inflation. The former disintegrates into the gauge-mediation type Q balls, which is unstable and decay into baryons. The latter forms the new type Q balls to become dark matter of the universe.
Large isocurvature fluctuations are usually produced in high-scale inflation. In order to suppress them, the flat directions must have amplitudes as large as M P during inflation. This is achieved by small coupling constants λ in nonrenormalizable superpotential (1) such that λ < ∼ 10 −4 . We have found that the scenario actually works for two n = 4 directions with different sizes of λ. It is necessary for successful scenario to have 10 −11 < ∼ λ G < ∼ 10 −4 . In this case, 10 4 GeV < ∼ M F < ∼ 10 7 GeV, MeV < ∼ m 3/2 < ∼ GeV, and 10 23 < ∼ Q N < ∼ 10 31 . Smallest Q N region may already be excluded, but the dark matter Q ball with Q > ∼ 10 24 could be detected in the future by the IceCube-like detector.
